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Introduction
Silylene chemistry has been of interest for many years 1 . Silylenes are important reactive intermediates in the photochemical and thermal reactions of organosilicon compounds. Their chemistry has practical significance in industrial applications involving chemical vapour deposition (CVD) leading to formation of electronic device materials. Timeresolved kinetic studies of the simplest silylene, SiH 2 , have shown it reacts rapidly with many chemical species at close to collision rates. [2] [3] [4] This can be readily understood in terms of its structure. Silylene is a ground state singlet species ( 1 A 1 ) with an electron pair in a hybrid orbital and a vacant orbital of π symmetry. This empty orbital means that SiH 2 is highly electrophilic and electron donors will readily coordinate to silicon through the vacant orbital to form a silylene-base complex. If the electron donor (Lewis base) is an alcohol, this complex is zwitterionic in nature. Complexes of silylenes with alcohols have been directly observed in low temperature matrices 5 and in solution [6] [7] [8] . SiH 2 -complexes can, in principle, react further by H-transfer from oxygen to the Si atom 1, [3] [4] 9 Theoretical calculations indicate [10] [11] [12] [13] [14] [15] , however, that this second step, the unimolecular conversion of the complex to a siloxane, has a substantial energy barrier and is therefore likely to be slow. Kinetic studies both in the gas phase 4, [14] [15] [16] [17] [18] and in solution [6] [7] [8] [19] [20] support the formation of these complexes but no evidence has been found for their unimolecular 3 isomerisation. As to whether a second step in this mechanism can actually occur, the evidence points to a catalysed conversion of the complex to product. This has been found for the prototype reaction of SiH 2 + H 2 O in the gas-phase 15 as well as for the reactions of SiMe 2 and SiPh 2 with MeOH in solution 8 , where the reactions of the complexes with MeOH have been found to occur at close to diffusion controlled rates. The catalysed process for the SiH 2 + H 2 O reaction is further supported by theoretical calculations 15 .
In order to probe this reaction further, and as part of our investigation of the gas-phase reactions of SiH 2 , we turn our attention to its reaction with several alcohols, viz. methanol, ethanol, 1-propanol, 1-butanol and 2-dimethyl-1-butanol. The reaction of SiH 2 with methanol has already been studied theoretically [12] [13] and experimentally 14 . Alexander, King and Lawrance (AKL) 14 found the gas-phase reaction to be a pressure dependent, third body assisted association process, consistent with the reversible formation of the zwitterionic complex. Our kinetic studies of SiH 2 with H 2 O 15, 18 and Me 2 O 21 are also consistent with the formation of a complex. In the gas-phase the reaction stops at this stage within the experimental time frame (ca 10 -6 s) and the catalysed process is only observed (for SiH 2 + H 2 O) at low pressures when equilibrium with the complex is established slowly. One of the difficulties of the gas phase studies is that the true bimolecular rate constant (for the formation of the zwitterion), ie the pressure-independent value, can only be obtained by extrapolation.
Since association processes of reactive molecules of any class tend to become less pressure dependent as the molecular size and complexity of the substrate species increases, we reasoned that kinetic studies of SiH 2 with larger alcohols should get closer to the high pressure limit of this important prototype reaction of silylene with O-donor molecules. As a secondary question we were also interested as to whether any evidence for the catalysed isomerisation of the H 2 Si··O(H)Me complex could be obtained.
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We therefore decided to reinvestigate the reaction of SiH 2 with methanol at room temperature using several buffer gases, and in addition, to extend this investigation to the higher alcohols. Our study includes both kinetic measurements, RRKM modelling and quantum chemical calculations in order to obtain as full a picture of the process as possible.
Experimental Section
Equipment, Chemicals and Method. 
SiH 2 + MeOH
For the reaction with methanol the system was studied in three different ways. First (a) with no added buffer gas, then (b) with added SF 6 as buffer gas to a total pressure of 5 Torr, and finally (c) with SF 6 added at a fixed partial pressure of 2 Torr (but variable total pressure).
The results of these experiments can be seen in Figure 1 . Plots (a) and (c) are curved and
show that the dependence of k obs is not simply linear in [MeOH] . The data were fitted to the equation:
Using LSQ fitting procedures rate constant values were obtained for each plot. These are shown in Table 1 . The error limits are single standard deviations.
As we can see in Figure 1 this reaction system shows a significant total pressure dependence. This was investigated further using several buffer gases: Ar, N 2 , C 3 H 8 and SF 6 .
These experiments were done keeping the amount of MeOH fixed at 250 mTorr and varying the total amount of buffer gas. The second order rate constant was calculated using: k(second-
at each of a set of total pressures up to 100 Torr. This is justified on the assumption that clean second order behaviour is shown at total pressures above 5 Torr, as indicated in Figure 1 (b). The results are shown in Figure 2 in a log-log plot for convenience. It can be seen from the relative positions of the plots that Ar is the least efficient collider, followed by N 2 with C 3 H 8 and SF 6 practically the same. Collision efficiencies were calculated by using RRKM modelling (see next section).
SiH 2 + other alcohols
For the remaining systems, viz SiH 2 with EtOH, 1-PrOH, 1-BuOH and 2-MBA experiments were done using different partial pressures of the alcohol but keeping the total pressure fixed at 10 Torr by addition of buffer gas (SF 6 ). Second order rate plots are shown in Figures 3 and 4 and we can see here that reasonably linear plots resulted. The second-order rate constants obtained by least-squares fitting are collected in Table 2 . The error limits quoted are single standard deviations. It can be clearly seen that at 10 Torr total pressure the rate constants increase as the size of alcohol increases.
Just as with the MeOH, the pressure dependence of these reactions was also investigated, by carrying out experiments with small, but fixed, amounts of each alcohol and varying the total pressure using SF 6 as buffer gas. Second order kinetics was assumed. Figure   5 shows the pressure dependences of the rate constants for reactions of SiH 2 with the rest of 8 the alcohols studied in this work. As for SiH 2 with MeOH, the pressure dependences of the second order rate constants were fitted with RRKM models (see next section).
Ab initio calculations.
Using the G3 method we examined first the energy surface for Figure 6 and their enthalpy values are listed in Table 3 as well as being represented on the potential energy (enthalpy) surface in Figure 7 .
We then turned our attention to the C 2 SiH 10 O 2 species (SiH 2 + 2MeOH reaction).
Initially this was a more limited search designed to investigate the possible catalysed O-H insertion pathway of SiH 2 with methanol. Two new stable species were found, viz (i) H 2 Si (OHMe) 2 , a complex of SiH 2 with two molecules of methanol (which can also be regarded as an H-bonded complex of the second MeOH molecule with the initial H 2 Si OHMe complex) and (ii) SiH 3 O(Me) OHMe, another H-bonded complex, in this case between methoxysilane and an MeOH molecule. The latter is the lowest energy species of these two and is essentially the reaction product. There is one transition state, TS4a, between (i) and (ii). It is worth noting that whereas TS1 (for SiH 2 + MeOH) lies above the reactants, TS4a (for SiH 2 + 2MeOH) lies well below the reactants in energy. The structures of these species are also shown in Figure 6 and enthalpies listed in Table 4 and further details are given in the supporting information.
As a final exercise we calculated the energies for forming the complexes between SiH 2 and the other alcohols which were studied experimentally in this work. These are shown in Table 5 . The G3 procedure worked fine for all the reactions except that for SiH 2 with 2-MBA for which the molecular size was too large for the calculation. This system was calculated at the B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level and then adjusted empirically by the amount (-15 kJ mol -1 ) by which this level of calculation differed from G3
for the other four alcohols.
RRKM calculations.
The pressure dependence of an association reaction corresponds exactly to that of the reverse unimolecular dissociation process providing there are no other perturbing reaction channels. Although the detailed ab initio calculations for SiH 2 + MeOH suggest the possibility of other channels there is no evidence from the kinetics (see discussion) of any such channel occurring under experimental conditions, and so we have carried out RRKM calculations 27 on the unimolecular dissociation processes of all the zwitterionic donor-acceptor complexes, H 2 Si OHR, viz:
where R = Me-, Et-, 1-Pr-, 1-Bu-and EtCHMeCH 2 -.
Since none of these complexes has been isolated, let alone studied experimentally, we are forced to make estimates of the necessary parameters for these calculations. This has been done as follows. First the likely Arrhenius A factors for these decomposition reactions were estimated. 27 . An example of the assignment of both molecule and transition state, for decomposition of H 2 Si OHMe, is shown in Table 6 which also includes the Lennard-Jones collision number value. The assignments for other choices of A factor and for the decompositions of the other zwitterionic species are shown in the supporting information. The values for the critical energies, E o , employed in these calculations were those given by the ab initio calculations (Table 5) . We have used a weak collisional (stepladder) model for collisional deactivation, because there is overwhelming evidence against the strong collision assumption 32 . The average energy removal parameter, < E> down was taken as 12.0 kJ mol -1 (1000 cm -1 ) when SF 6 was used as buffer gas (for all alcohols). For the other collider gases, used in the SiH 2 + MeOH studies, the values for < E> down and Z LJ are shown in Table 7 .
The least well known feature of these calculations is the nature (tight or loose) of the transition states of these reactions. These determine both the positions of the "fall-off" curves and their curvatures. Thus optimising the fit to the experimental curves may be used to refine the transition state (characterised by its decomposition A factor) and also to pinpoint the value of k , the high pressure limiting rate constant. This is illustrated for the SiH 2 + MeOH reaction in ) =17. The plots of best fit fall-off curves are shown in Figure 5 .
The summaries of the vibrational assignments for these models are given in the supporting information. The values of k and the collisional efficiencies resulting from the fits, are given in Table 8 . Again it was found that the substitution of an internal rotation for harmonic vibration in the molecular and transition state models made almost no difference to the fits. Other details, such as the Lennard Jones collision parameters, are also given in the supporting information.
As a separate exercise and in order to verify that the unimolecular conversion of the H 2 Si OHMe complex is not competitive under the conditions of these experiments, we constructed transition states for reaction via TS1 and TS2t. Details are given in the supporting information. Calculations were carried out at 297 K and the results are given in Table 9 . There is no previous kinetic information for the reactions of SiH 2 with EtOH, 1-PrOH, 1-BuOH and 2-MBA with which to compare these results.
Discussion
The present study of the reaction between SiH 2 and MeOH indicates a greater kinetic complexity than found hitherto. At pressures below 5 Torr, with or without added inert gas, the second order plots (Figure 1 ) show some curvature indicative of a rate component second order in MeOH, ie third order overall. The curvature is greatest in the experiments without added inert gas (Figure 1(a) ) 33 . In these experiments the total pressure is effectively that of MeOH and therefore any third body effect is changing from run to run. In the experiments at a total pressure of 5 Torr (Figure 1(b) ) the bulk of the gas is comprised of SF 6 and the curvature is not apparent. The experiments carried out with 2 Torr of added SF 6 (Figure 1(c) Figure 11 ). It should be pointed out that the quadratic effects observed here could not have been seen under the higher pressure conditions used by AKL 14 .
Ab initio calculations and the mechanism. The calculations reported here are in reasonable accord with those of Heaven, Metha and Buntine (HMB) 13 . Table 3 Only the reaction between SiH 2 and MeOH has been studied previously 14 and the only comparison possible, shown in Figure 12 , is for the pressure dependence in Ar. While the rate constants of AKL 14 only overlap with ours at 100 Torr, the trends of the two data sets are closely similar and they also match reasonably well the RRKM calculated pressure dependence curve obtained here. AKL 14 also carried out RRKM calculations, using a Gorin The lack of any obvious deviation to the pressure dependence curves at the lowest pressure (viz a levelling out) shows that no reactive exit channel for this reaction system can be competitive under the conditions. This enables us to put limits on the potential unimolecular rearrangement channels, viz H 2 elimination from the H 2 Si··O(H)Me zwitterion to form HSi-OMe and isomerisation to H 3 SiOMe. The SiH 2 + MeOH + Ar system, produces the slowest rate constant at P = 5.1 Torr. The RRKM calculations give k = 0.6 s -1 for thermal redissociation of the zwitterions under these conditions. This provides the upper limit to the value for the rate constants for these rearrangement channels. In fact the limit should probably be an order of magnitude lower since the process is not visibly competitive. The value, nevertheless, shows that rearrangement is far too slow to be observed experimentally on the microsecond time frame of these experiments, even as a secondary process. The arguments against the occurrence of either of these processes are further supported by the results of the calculations of its rate constants based on the E o values for TS1 and TS2t from the ab initio calculations. Table 9 shows that at the energies corresponding to the maximum populations of energized zwitterion species (E o + thermal energy) the rate of the redissociation process exceeds that of unimolecular rearrangement by factors in excess of 100 for H 2 elimination and 1000 for isomerisation.
For the reactions of SiH 2 with the other alcohols, the fits of the RRKM calculated pressure dependences to the experimental results ( Figure 5 ) are reasonably good. The fits for 1-propanol and 1-butanol are very close but apparently cross; we suspect that this is an artefact arising from experimental error. Of course the models are matched to the curvature of these pressure dependences and so the fits have been optimised. The judgement of their success depends to a large extent on whether they produce reasonable values for the high pressure limiting rate constants, k ∞ . The values derived (at 297 K), shown in Table 8 , are all very close to the Lennard-Jones collision limits, corresponding to ca 60% of the value if the best fit models are used. Even with the less good fitting models the efficiencies are still quite high. Although for SiH 2 + EtOH the values of k ∞ and the efficiency look slightly low, they are within the uncertainties of the values for the other systems. The rate constants increase with molecular mass and size of the alcohol, as expected, and the pressure dependences get less. 
Conclusions
The findings of this work support the view that the reaction of silylene with an alcohol is a simple association process leading to a zwitterionic, donor-acceptor complex as the final product in the gas phase. The measured second-order rate constants for reactions of SiH 2 with five alcohols are pressure dependent and, when extrapolated to infinite pressure by the use of RRKM theory, show that the reactions are occurring at close to the Lennard-Jones collision rate. The use of larger alcohols reduces significantly the extent of extrapolation necessary, and improves the reliability of this conclusion compared with that from the modelling of data for 
